The title compound bis[2-hydroxybenzylidenehydrazono)(methylthio)methyl]disulfide (1), an S-methyldithiocarbazate derivative with a disulfide bond has been synthesized by the condensation of 2-hydroxybenzaldehyde with S-methyldithiocarbazate. It has been characterized by elemental analyses, 1 H, 13 C NMR and FT-IR spectroscopy and mass spectrometry. The single crystal X-ray structure shows that the compound exists in a tautomeric thione form with the dithiocarbazate fragment adopting an EE configuration with respect to the C=N bond of the benzylidene moiety. The thermal behaviour of the compound has been studied using thermogravimetric analysis (TGA). The molecular geometry of the compound in the ground state has been optimized using density functional theory (DFT/B3LYP) method with the 6-311++G(d,p) basis sets. Molecular docking of the compound with human carbonic anhydrase II has been performed to probe the nature of interaction.
Introduction
Disulfide compounds are widely distributed in natural bioactive components and show a wide range of potential pharmaceutical applications, such as stabilization and folding of proteins in biological systems. 1 Organic compounds containing S-S bonds play an important role as an intermediate and as protecting groups in organic synthesis. 2, 3 Numerous strategies and reagents have been developed for the synthesis of disulfide bonds including metal based catalytic oxidation, 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) and peroxides. [4] [5] [6] Currently, the synthesis and characterization of dithiocarbazate based Schiff bases are of great interest because of its potential application in biochemical and pharmacological applications. [7] [8] [9] Schiff bases with carbazate moieties act as strong chelators and can form stable coordination complexes with a variety of metal ions. 10, 11 Due to easy preparation and structural varieties, they have been widely used as chelating ligands in the synthesis of a large variety of metal complexes. 12, 13 Metal complexes derived from dithiocarbazate ligands have been studied not only because of their exciting coordination chemistry, but also their prominent biological activities. 14, 15 These types of Schiff bases facilitate coordination metal ions with different oxidation states through the hard nitrogen and soft sulphur donors. The majority of previous studies were based on Schiff bases of thiosemicarbazones with tridentate N,N,S donor atoms, [16] [17] [18] and only a few reports have been made using Schiff bases of dithiocarbazate derived from S-alkyl moiety. In biological systems, dithiocarbazates are extensively used as inhibitors of enzymes and for the treatment of cancer. 19, 20 In early studies, Bernhardt and co-workers synthesized a series of dithiocarbazate based ligands and their iron(II) complexes and studied their antiproliferative activities. 21 24 In this work, the Schiff base bis[2-hydroxybenzylidenehydrazono)-(methylthio) methyl]disulfide has been synthesized and characterized by elemental analyses and 1 H and 13 C NMR, FT-IR and mass spectrometry. The single crystal X-ray structure of the compound has been determined to assess the conformation of the molecule. The molecular docking of the compound with human carbonic anhydrase II has been also studied to understand the nature of interaction between them.
Experimental

1. Materials and Physical Measurements
Solvents were dried and distilled by standard methods before use. Reagents were purchased from commercial suppliers and used without further purification. S-methyldithiocarbazate was prepared according to the published procedure. 25 1 H and 13 C NMR spectra were recorded on a Bruker AVANCE II 400 MHz NMR spectrometer. IR spectra were recorded using Perkin-Elmer 983 model FT-IR spectrophotometer with compounds being dispersed as KBr discs. The electronic spectra were recorded on an Agilent-8453 diode array spectrophotometer. Mass spectrometry was performed on a Thermo LC-MS spectrometer.
Synthesis of Compound 1
A solution of S-methyldithiocarbazate (1.22 g, 10 mmol) in ethanol (20 mL) was added to a stirred solution of 2-hydroxybenzaldehyde (1.22 g, 10 mmol) in ethanol (20 mL). The mixture was stirred for 20 min and refluxed for 12 h. The reaction mixture was then cooled to room temperature and the solid obtained was filtered off, washed several times with cold ethanol and dried under vacuum. Yield: 68 %. The above solid was dissolved in ethanol and refluxed under oxygen atmosphere for 24 h. After cooling the solution at room temperature, the title compound in the form of brown needles was obtained. 1 
3. Single-crystal X-ray Studies
A single-crystal for X-ray diffraction study was grown by slow evaporation of ethanol solution of 1 at room temperature. A suitable crystal was mounted on glass fiber for data collection. Data was collected on an Oxford Diffraction Xcalibur Eos Gemini diffractometer. Crystal data were collected at ambient temperature using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The data were solved using direct methods with SHELXS and refined using SHELXL-2013. 26 The graphics interface package used was PLATON, and the figures were generated using the ORTEP 3.07 generation package. 27 The positions of all atoms were obtained by direct methods. Non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed in calculated positions, constrained to ride on their parent atom with group U iso values assigned, U iso (H) = 1.2U eq for aromatic carbons and 1.5U eq for methyl atoms. The crystallographic data and details of data collection for 1 are given in Table 1 .
4. Density Functional Theory Calculations
One of the goals of computational chemistry is to understand the chemical reactivity and to predict the outcome of molecular interactions. Density functional theory (DFT) method has emerged as a powerful tool in studying molecular structure. Among the numerous available DFT methods, we have selected the B3LYP functional which combines the Becke's three-parameter exchange functional (B3) with the Lee-Yang-Parr correlation functional (LYP) with 6-311++G(d,p) basis set calculations [28] [29] [30] were used for predicting the frontier orbitals (HOMO, LUMO) of the title compound. All DFT calculations were carried out using the Gaussian 09 program package. 31 HOMO-LUMO values are the reliable estimates of reducing and oxidizing properties of the molecules and play an important role in stabilizing the interactions with the receptor. 32,33
5. Molecular Docking and Simulation Studies
The biological importance of the synthesized ligand is assessed by performing the docking studies using the Schrödinger Glide software. 34 The retrieved pdb file was prepared using the protein preparation wizard 35 by removing the water molecules and ligands and the pdb was optimized by assigning the hydrogens, missing atoms, bonds and charges to the atoms. Ligand preparation including the generation of various tautomers, assigning bond orders, ring conformations and stereo chemistries of the ligand were carried out using the LigPrep. All the conformations generated were further minimized using OPLS2005 force field prior to docking study. A receptor grid was generated around the protein active site by selecting the active residues (Gln 92, Thr 199, Zn) with a size of 15 Å using receptor grid generation. The docking calculations were performed using Extra Precision (XP) mode using the Ligand Docking and the Glide docking score was used to determine the best docked structure from the output.
MD simulations were performed using the GRO-MACS 5.0.6 version (www.gromacs.org) 36 using the GRO-MOS 53a6 force field. 37 PRODRG server 38 was used to generate the topology files for the ligand. The protein was solvated by SPC (Single Point Charge) 39 water molecules and the systems were neutralized using two Cl -counter ions. Periodic boundary conditions were implemented in all directions, using a simulation cell with a distance minimum of 1.0 nm from the protein. Electrostatic interactions were computed using the particle mesh Ewald (PME) 40 simulation method with a 1 nm short-range electrostatic cut-off. The short-range cut-off used for van der Waals interactions during the simulation was also 1 nm. For the temperature coupling, the solvated structure was divided into two groups (protein and non-protein) using velocity rescaling with a stochastic term. The isotropic pressure coupling was employed in the MD simulation by using the Parrinello-Rahman method 41 with a compressibility of 4.5•10 -5 bar -1 . During the simulation, constraints were deployed in all bands using the LINC algorithm 42 with parameters LINC-order of 4. First, each system was energy-minimized for 5,000 steps each using steepest-decent and conjugate gradient algorithms; subsequently, the solvent, and ions were equilibrated for 100 ps in constant volume (NVT) and constant pressure (NPT) ensembles, respectively, while the substrates and cofactors of the protein were restrained harmonically using a force constant of 1000 kJ mol −1 nm −2 . Finally, the two systems were performed for 5 ns MD simulations after removing all the restraints and all the trajectories were stored every 0.002 ps for further analysis. The binding free energies of the ligand were calculated using the g_mmpbsa program for the last 1 ns with a reference frame from every 50 ps.
Results and Discussion
The disulfide Schiff base was prepared and isolated in good yield which is characterized by spectral and single-crystal X-ray studies. The thermal property of the compound was determined by TGA analysis. DFT calculation and molecular docking studies were carried out by Gaussian 09 program package and Schrödinger Glide software respectively.
1. Synthesis and Characterization
The Schiff base containing a disulfide 1 has been prepared by aerial oxidation of N'-(2-hydroxybenzylidene)hydrazinecarbodithioic acid methyl ester in ethanol at reflux temperature (Scheme 1). It was isolated as a pale yellow shiny crystalline solid. It is non-hygroscopic, air-stable and is highly soluble in common organic solvents. The compound was purified by recrystallization from ethanol solution and fully characterized by IR, 1 H and 13 C NMR, mass spectrometry, and electronic spectroscopy. The single-crystal X-ray structure of the compound has been determined.
2. Spectral Studies of the Complex
The 1 H NMR spectrum of compound 1 in DMSO-d 6 shows two signals at δ 10.5 and 8.74 ppm due the phenolic OH and azomethine (-CH=N-) protons respectively. The S-methyl (-S-CH 3 ) protons are observed at δ 2.43 ppm. The aromatic protons appear as multiplet in the region of δ 6.87-7.68 ppm. The 13 C NMR spectrum of 1 shows signals at δ 145.0, 157.7 and 197.7 ppm due to the C=N, C-S and C-O (phenolic) carbons respectively. The S-CH 3 carbon is observed at 17.3 ppm. The phenyl ring carbons appear at δ 116.9, 120.1, 127.7, 132.7 ppm. [43] [44] [45] The electronic absorption spectra of the compound have been recorded in acetonitrile and the corresponding spectrum was displayed in Figure 1 . The compound showed three intense bands at 300, 315 and 350 nm that can be assigned to π → π*, σ → σ* transitions of the aromatic rings of benzene and n → π* transitions of the azomethine chromophores respectively. 46 In the IR spectrum, two prominent vibrational bands located at 3110 and 1620 cm -1 are characteristics of the OH and C=N stretch, respectively. The peak obtained at 1033 cm -1 and 512 cm -1 were attributed to N-N and S-S stretching vibrations.
Sohtun et al.: Synthesis, Characterization, Crystal Structure ... The IR spectrum of 1 does not display ν(S-H) at ca. 2570 cm -1 indicating that in the solid-state they remain in the thione form. 47, 48 The IR and NMR spectral properties are closely related to those of similar type of disulfide compounds reported already. 49 
Thermogravimetric Analysis (TGA)
Thermal properties of the compound 1 was evaluated using TGA at a heating rate of 10 °C/min under nitrogen atmosphere with temperature range of 30-900 °C (Figure 2 ). The thermogram shows that there was no mass loss occurring below 100 °C and it was confirmed that the sample does not contain any solvent. Also, the degradation process of 1 starts at around 190 °C.
4. Single-crystal X-ray Structure Analysis
The single crystal of compound 1 was obtained by slow evaporation in an ethanol solution at room temperature. The molecular structure of 1 is shown in Figure 3 with displacement ellipsoids plotted at 50% probability level. Compound 1 crystallizes as monoclinic crystal system in P 2 1 /c space group, unit cell parameters a = 12.4489 (8) Table S1 shows the selected bond 
5. Theoretical Results
The ground state energy of compound 1 is calculated as -7.3421 × 10 4 eV by density functional theory (DFT) methods using B3LYP/6-31G(d,p) level. The Highest Occupied Molecular Orbital (HOMO) localized on half of the molecule that is from benzene ring to one of the sulfur atom in disulfide linkage. The Lowest Unoccupied Molecular Orbital (LUMO) localized on throughout the molecule.
The calculated bond lengths and bond angles are similar to that of crystal structure (Figure 4) . The excited state calculation also been carried out by Time Dependent-DFT (TD-DFT) methods. The energies of HOMO and LUMO are -5.7007 and -1.6296 eV and its energy gap is 4.0711 eV.
The wavelength corresponding to 4.0711 eV is 304.54 nm and which can be correlated to band at 300 nm obtained from UV-vis spectral study. Along with this transition, it is found that there are three more excited state populated. The excitation energy of the excited state 1 is 3.34 eV with corresponding wavelength of 370.69 nm and the originated transitions are calculated as HOMO-3 to LUMO, HOMO-3 to LUMO+1 and HOMO-4 to LUMO. The excitation energy of the excited state 2 is 3.38 eV with corresponding wavelength of 366.72 nm and the originat- Figure 5 ). The calculated excitation energies are matched with the UV-vis experimental data. These computational results elucidate that both crystal structure and computationally calculated structure are similar in terms of bond lengths, bond angle and excitation energies.
6. Molecular Docking Studies
The pdb structure 3K34 54 of human carbonic anhydrase II was used for the docking studies with retaining the Zn metal ion cofactor, which plays a key role in the protein catalytic mechanisms. The best docked complex selected has a Glide dock score of -6.8 which predicts a good inhibition of the carbonic anhydrase II. The docked complex is stabilized by the π-π stacking of the phenol group of the ligand with the imidazole ring system of His 94. Similarly, the second phenol group interacts with the Thr 200 by the side chain H bonding. The amine group of the ligand interacts with the backbone of the Pro 201 through H bond. The cofactor Zn metal ion involves in a non-bonded contacts with the two phenol ring systems. The ligand protein interaction was further stabilized by the non-bonded hydrophobic and polar interactions of the ligand with the surrounding residues. The binding mode of the ligand to the carbonic anhydrase is shown in Figure 6 .
The trajectory file from the production run was analyzed for the stability of the ligand in the docked complex. The root mean square deviation (RMSD) graph of the protein shows stability at 0.3 nm after a time period of 2ns whereas the ligand shows an altered rms values ranging 0.1-0.3 nm which shows the stability of the ligand at the docked site. The root mean square fluctuation (RMSF) of the protein residues shows stability with deviations lesser than 0.3 nm. The docked ligand interacts with a single H bond with the protein, which increases to three bonds during the course of the simulation. Figure 7 illustrates the analysis in the graphical format.
Residues Trp 5, Asn 62, Asn 67, Gln 92 and Thr 199 form an H bond during the course of the simulation. The docked ligand has a binding energy of -176.90 kJ/mol as shown in the Table 2 with the protein, which shows that ligand can act as a potent inhibitor for the carbonic anhydrase II. 
Conclusions
In the present study the preparation of the novel compound bis[2-hydroxybenzylidenehydrazono)(methylthio)methyl]disulphide is reported. The compound has been characterized by UV-vis, IR, NMR, and mass spectrometry. It crystallizes in the monoclinic system with the centrosymmetric space group P2 1 /c. The single crystal X-ray structure determination shows that the compound adopts an EE conformation with respect to C=N bond of the benzylidene moiety. The thermal behaviour of the compound has been studied using thermogravimetric analysis (TGA). Theoretical calculations have been performed with DFT/B3LYP/6-31++G(d,p) basis set. The electronic properties have been also calculated (TD-DFT) and compared with the experimental UV-Vis spectrum. The molecular docking studies reveal that the compound can act as a potent inhibitor of carbonic anhydrase II activity. 
